Spectroscopic equilibrium allows us to obtain precise stellar parameters in Sun-like stars. It relies on the assumption of the iron excitation and ionization equilibrium. However, several works suggest that magnetic activity may affect chemical abundances of young active stars, calling into question the validity of this widely-used method. We have tested for the first time variations in stellar parameters and chemical abundances for the young solar twin HIP 36515 (∼0.4 Gyr), along its activity cycle. This star has stellar parameters very well established in the literature and we estimated its activity cycle in ∼6 years. Using HARPS spectra with high resolving power (115 000) and signal-to-noise ratio (∼270), the stellar parameters of six different epochs in the cycle were estimated. We found that the stellar activity is strongly correlated with the effective temperature, metallicity, and microturbulence velocity. The possibility of changes in the Li I 6707.8 Å line due to flares and star spots was also investigated. Although the core of the line profile shows some variations with the stellar cycle, it is compensated by changes in the effective temperature, resulting in a non variation of the Li abundance.
INTRODUCTION
Precise stellar parameters (effective temperature T eff , metallicity [Fe/H], surface gravity log g and microturbulence velocity v t ) are not only important for the characterization of stars themselves and to determine precise chemical abundances, but they are also key for characterizing exoplanets, as the planetary radius or planetary mass depends on the adopted properties of its host star. A common method to determine stellar parameters is through the spectroscopic equilibrium, which is performed by imposing the excitation and ionization balance, and evaluating the lack of dependence of iron abundance with reduced equivalent width. However, other techniques (e.g., via color-temperature calibration and asteroseismology) could be also employed to calculate T eff (Casagrande et al. 2010 ) and log g (Meléndez et al. 2006; Hekker et al. 2013; Campante et al. 2014) . In spite of relatively good agreement between these methods, the E-mail: ramstojh@usp.br † NASA Sagan Fellow results could be quite different for young stars with ages of ∼1 Gyr (see Figs. 13 anf 15 of Ramírez et al. 2014) , and the problem may be even worse for younger and more active stars. Observational evidence of oxygen abundance variations (up to ∼1 dex) with T eff in the Hyades cluster (∼0.6 Gyr) were reported by Schuler et al. (2006) , perhaps due to an overexcitation effect caused by active regions. Spina et al. (2014) showed that microturbulence of pre-main sequence stars are greater than those of main-sequence stars, and it could be related to the active chromospheres of young stars (Steenbock & Holweger 1981) , which also have considerable impact on their abundance determination (Spina et al. 2017 ).
On the other hand, theoretical studies have demonstrated that magnetic fields could affect the stellar spectra in two ways: through forces on the stellar plasma that change the thermodynamical structure of the atmosphere (indirect effects) and through magnetic Zeeman broadening of the spectral lines (direct effects). Thus, the stellar parameters of young magnetically-active stars could not be as precise as we thought, due to the lack of inclusion of magnetic fields in classical one-dimensional model atmospheres (Castelli & Kurucz 2003; Gustafsson et al. 2008 ). The problems described above could be exacerbated for Sun-like stars younger than about 200 Myr, due to the much higher magnetic field strength in those stars (Rosén et al. 2016) .
Seminal theoretical studies have investigated the impact of magnetic fields on spectral line formation using 1D and 3D model atmospheres (Borrero 2008; Fabbian et al. 2010 Fabbian et al. , 2012 Moore et al. 2015; Shchukina & Trujillo Bueno 2015; Shchukina et al. 2016 ). These authors found that several iron lines are sensitive to the aforementioned effects, resulting in variations of ∼0.1 dex in abundance. Besides, the impact of these effects on the abundance determinations could be reduced when the direct and indirect effects act in opposite ways. They also found that other elements such as C, O and Si are affected by magnetic fields, varying their abundance by about ∼0.02 dex. Furthermore, Flores et al. (2016) showed observational evidence of modulations (∼2 mÅ) of the equivalent widths (hereafter EW) of Fe II lines with the chromospheric cycle of the solar twin HIP 45184 (with ∼5.1 yr activity cycle and S = 0.173). However, Flores et al. (2018) were not able to find the similar modulations in HD 38858 (∼10.8 yr activity cycle). Precise spectroscopic measurements in the Sun over more than three decades (Livingston et al. 2007) , show small but measurable variations in some spectral lines (including some strong Fe I lines), but their dependence on the solar activity cycle is not well-established yet. The above studies question the validity of the spectroscopic equilibrium method for determining stellar parameters in young stars.
Lithium is an important element that has been used to study potential trends with stellar parameters, chromospheric activity, age and exoplanets (e.g., Do Nascimento et al. 2009; Ghezzi et al. 2010; Carlos et al. 2016) . Enhancement of the neutral Li I at 6707.8 Å in the presence of sunspots was reported by Giampapa (1984) . Other studies (e.g., Pallavicini et al. 1992; Fekel 1996; Barrado y Navascues et al. 1997 ) also found variation of Li EW s with stellar activity in chromospheric active binaries, pre-main-sequence stars and late-type dwarfs in very young clusters. Such enhancements were also observed even in flares of chromospheric active binary stars (Montes & Ramsey 1998) . However, despite these large numbers of studies, the nature of the yield of Li I in starspots and flares is still inconclusive. The aim of this study is, therefore, to investigate for the first time, the influence of magnetic fields along the activity cycle on the stellar parameters and Li abundance of the young solar twin HIP 36515.
SPECTROSCOPIC OBSERVATIONS AND DATA REDUCTION
The spectra of the Sun (reflected light from the Vesta asteroid) and HIP 36515 were taken with the HARPS spectrograph at La Silla Observatory (3.6 m telescope) between 2014 to 2019, under the ESO (European Southern Observatory) programs: 192.C-0224(G), 192.C-0224(B), 192.C-0224(C), 0100.D-0444(A), 0101.C-0275(R) and 0103.D-0445. Each spectrum was automatically reduced by the HARPS data reduction software. The spectra have high resolving power R = λ/∆λ = 115 000 and cover a spectral range 3782−6913 Å. The red and blue part of the spectra were carefully normalized using the continuum task in IRAF, and then combined in order to obtain the highest possible SNR.
DATA ANALYSIS

Stellar Activity Cycle
The stellar and fundamental parameters (T eff , [Fe/H], log g, age, mass, and radius) of HIP 36515 were estimated with extremely high precision by Spina et al. (2018) . This young active star (∼0.4 Gyr) is an excellent candidate to explore the effects of magnetic fields on abundance determinations. The HARPS-S index (hereafter S HK ) was estimated measuring the chromospheric emission in the cores of the Ca II H and K lines ( S HK = 0.3270 ± 0.0226), following the prescriptions presented in Lorenzo-Oliveira et al. (2018) . In panel (a) of Fig. 1 . The cycle period (P cycle ) is estimated through Gaussian process (GP) fitting to account the quasi-periodic trends of stellar activity, represented in this case by S HK . To do so, we choose an appropriate kernel function that combines white noise term (σ 2 δ i, j ) and exponential sine squared kernel which encapsulates important variables related to periodicity ( f ≡ 1/P cycle ), amplitude (A), and the harmonic nature (Γ) of the time series. The adopted kernel function k(t i , t j ) relates the covariance between two different epochs t i and years, and 0.032 +0.017 −0.012 , for Γ, P cycle , and A S HK , respectively. These GPH compose the trained activity kernel which will help us to predict the spectroscopic activity induced effects by fixing the periodic GPH (Γ and P cycle ) and leaving only A variable to scale according to the spectroscopic variable of interest (e.g. EW, T eff , [Fe/H], Li, and so on).
Equivalent Widths (EWs)
If magnetic fields change the shape of spectral lines, this will be reflected on their abundance determination. As discussed above, iron abundance variations (∼0.014 dex) were only predicted in solar simulation spectra under extreme magnetic fields (80−200 G). To detect potential variation of spectral lines in HIP 36515, we selected strategically six bins from the activity cycle (see panel (b) of Fig.  1 ). Several spectra were combined in these bins in order to obtain a SNR∼270. The EW of iron lines (e.g., Meléndez et al. 2014) were measured along these epochs using the splot task in IRAF, fitting the line profiles with Gaussians. The mean uncertainty of the EW in each epoch is ∼0.7 mÅ. Pseudo-continuum regions were obtained following Bedell et al. (2014) in a window of 6 Å. The analysis is based on the line-by-line equivalent width technique (e.g. Meléndez et al. 2009; Yana Galarza et al. 2016; Spina et al. 2018) .
The optical depth (τ λ ) of the iron lines are estimated by the radiative transfer code MOOG (Sneden 1973) , as the depth at the corresponding wavelength and atmospheric layer, using the contribution function given by Edmonds (1969) . Fig. 2 shows the difference in EWs of the iron lines between the maximum and the minimum of the stellar cycle (hereafter ∆EW) versus the mean line-center optical depth formation (log 10 (τ λ )). As in Shchukina & Trujillo Bueno (2015) , we separated the iron lines by EWs and landé g-factor (g L ) in four groups. The first two groups have EW < 40 mÅ and are represented by stars (g L 1.5) and squares (g L 1.5) in both panels of Fig. 2 . These lines are formed in regions close to the bottom photosphere (log 10 (τ λ ) > -1), and are into the shaded regions of Fig. 2 , which represent the 1.5σ of the mean uncertainty of the EWs, and do not produce relevant impact on the the stellar parameter determinations (only 6 K in T eff , 0.01 dex in log g, 0.002 dex in [Fe/H], and 0.02 kms −1 in v t ; these values were estimated removing all ∆EW > 1.0 mÅ). The last two sets contain strong and moderate iron lines (40 mÅ < EW < 180 mÅ) and are represented by crosses (g L 1.5) and circles (g L 1.5). There is a clear impact of stellar activity on the EW of Fe I, and it tends to increase with log 10 (τ λ ) (upper panel of Fig. 2) . The Fe I lines with smaller τ 5 , meaning those closer to the base of the chromosphere, are the most affected, as they have the largest variations in ∆EW (Fig. 2) . We also find a clear correlation between ∆EW and g L for EW > 40 mÅ at fixed τ 5 ; however we do not found correlations with another parameters as wavelength, excitation potential and log g f . The bottom panel of Fig. 2 shows that 3 Fe II lines are sensitive to stellar activity, and we could infer a similar behavior as the Fe I lines. In panel (b) of Fig. 1 is shown the relative variations of EWs of Fe I lines along the stellar activity cycle. A similar modulation is found for Fe II but with lower amplitude. We also detected EW variations of iron lines found in the literature (see Table 1 ).
Stellar Parameters
We determined the iron abundances (adopting lines only from Meléndez et al. (2014) ) using the MOOG code and the Kurucz ODFNEW model atmospheres (Castelli & Kurucz 2003) . The stellar parameters along the stellar cycle (i.e., for each bin in panel (b) in Fig. 1) were estimated through the spectroscopic equilibrium using the qoyllur-quipu (q 2 ) code (see Table 2 ). The method was purely differential between the Sun and HIP 36515.
Panel (a) of Fig. 3 shows a fairly strong Spearman anticorrelation (−0.94, p-value=0.005) between T eff and S HK . The maximum change observed in T eff is 27 K, which is significant considering our high precision of 15 K. From our line list of 104 iron lines, we find that 46 are affected by stellar activity (see Table 1 ). These variations impact the iron abundance determinations (maximum variation of 0.016 dex), resulting in an anti-correlation (−0.77, p-value=0.07) with S HK (see panel (b) of Fig. 3 ). As seen in panel (c) of Fig. 3 , v t shows a strong correlation (+0.94, p-value=0.005) with S HK . The increase of v t with stellar activity could explain the low [Fe/H] observed in star forming regions (Spina et al. 2017) ; it could be a consequence of changes in the curve of growth due to variations in EWs of iron lines. The ages, masses, and radii were estimated using the q 2 code through the grid of Yonsei-Yale isochrones (Yi et al. 2001 ).The panel (d) of Fig. 3 shows no significant changes in the age determination with the activity cycle, since they agree within their uncertainties. Similar results are found for the mass, radius and log g ( Table 2 ).
Lithium abundance
The Li I line at 6707.8 Å is an age indicator in solar twins (Carlos et al. 2016 ; ?) , where younger solar twins are expected to have much larger Li abundances. We analyzed this line along the activity cycle, with the different stellar parameters obtained for each cycle and got very consistent Li abundances. To find the abundances, we fitted synthetic spectra generated with the MOOG code to the observed spectra, and with χ 2 minimization found the LTE abundances of A(Li) = 2.65 dex and A(Li) = 2.66 dex for the minimum, and maximum of the activity cycle, respectively. A variation of 0.01 dex is within the expected error of our analysis (σ A(Li) = 0.03 dex) and as such we do not consider this to be indicative of any abundance variation within the activity cycle.
In order to detect variations in the Li line, we estimated the EW of the synthetic line of the best abundance. We measured the synthetic line, instead of directly measuring the observed spectra, due to blends in the Li line (see Fig. 2 of Carlos et al. 2016 ). Once we found the best Li abundance via synthetic spectra fitting, which accounts for all the blends, we can remove all lines, except the Li lines, and create a clear synthetic lithium profile. We measured the EWs of the synthetic lines using the integrated flux along the Li line profile and found a variation of 4.7 mÅ between the maximum and minimum of the activity cycle (see panel (d) of Fig. 1) . The standard deviation is 2.25 mÅ for each measurement. We also estimate the non-LTE abundance via EW employing the grid of abundances from ? and found non-LTE abundances variations of only 0.01 dex along the activity cycle, fully compatible with the spectral synthesis analysis. Similar results were obtained when the EW s were measured directly on the observed spectrum using the splot task in IRAF. Thus, our analysis show that although there may be minor variations in EW s, they are likely compensated by the changes in T eff , so that there are no significant variations on the abundances of Li during the activity cycle, and any minor variations are likely due to measurement errors.
CONCLUSIONS
We have performed, for the first time, a high-precision differential abundance analysis of the young solar twin HIP 35615, along different phases of its activity cycle. We used high-quality HARPS spectra in order to quantify the possible impact of stellar activity on the stellar parameters determination and Li abundance. We determined the activity cycle period (∼6 years) via Gaussian process fitting. Our iron line list has minimal blending and spans a wide range in oscillator strength, Landé factor, wavelength, and the formation height covers a large region of the photosphere (Fig. 2) .
We measured the EW of the iron lines in six points of the activity cycle. We report for the first time variations of the EW of several iron lines (43 lines of Fe I and 3 of Fe II) with the stellar activity cycle. These could be used as a new activity indicator for young stars. Despite that these changes are correlated with the Landé factor at fixed τ λ , the strongest correlation found is with the height of formation of the iron lines (see Fig. 2 ), which could indicate a purely chromospheric effect (i.e. chromospheric heating) over the strong iron lines (EW > 40 mÅ). This result makes difficult to conclude if these changes are due to the direct or indirect effects.
We also observe that stellar activity influences the stellar parameters determinations based on spectroscopic equilibrium. The EW of iron is enhanced during the maximum of the activity cycle, but the impact of activity on the other stellar parameters, results in a decrease of the metallicity. The microturbulence velocity increase with the activity cycle as a consequence of changes in the line profile of iron lines. It is not possible to detect modulations of the surface gravity due to the uncertainties (∼0.027 dex). Other fundamental parameters such as age, mass and radius remain almost invariant within measurement uncertainties.
We created a new line list where the iron lines are slightly sensitive to magnetic fields (Table 3) . Using this list, we determined 0.301 ± 0.004 5843 ± 9 4.52 ± 0.015 -0.032 ± 0.007 1.14 ± 0.03 0.70 ± 0.48 1.041 ± 0.007 0.943 ± 0.008 α Notice that the list of non-sensitive lines has only two lines at low excitation potential, therefore we suggest caution if this line list is used. the stellar parameters in each epoch of the cycle, and we recover similar values obtained in the minimum of the activity cycle, except for the T eff (see the shadowed region in Table 2 ). It is possible that these values found represent the true stellar parameters of HIP 36515. If spectroscopic observations are available at several phases of the activity cycle, we recommend adopting the stellar parameters determined at the minimum of the activity cycle. The EW of the Li I line at 6707.8 Å was measured along the activity cycle, and we found a minor variation of the EWs (panel (c) of Fig. 1 ). However, we found almost no variations of their abundance because the EWs are compensated with the T eff estimated for each epoch of the activity cycle.
This experiment, made with a solar twin of 0.4 Gyr, should be repeated with even younger solar twins, as the effects could be much stronger, specially for Sun-like stars with ages <250 Myr, where the magnetic field strength is significantly higher (Rosén et al. 2016) .
